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Microwave spectroscopy of hight Rydberg states of neon

R. F. Ward, Jr.
Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556

W. G. Sturrus
Department of Physics, Youngstown State University, Youngstown, Ohio 44555

S. R. Lundeen
Department of Physics, Colorado State University, Ft. Collins, Colorado 80523
(Received 21 April 1995; revised manuscript received 16 August)1995

Sixteen fine-structure intervals separatimg10 neon Rydberg levels with=5, 6, 7, and 8 were measured
with the precision of about-00.2 MHz, using fast beam microwave-optical techniques. The measured fine-
structure pattern is in good agreement with the predictions of an effective potential model, and this comparison
leads to precise determinations of the quadrupole moment and dipole polarizabilities’Bthground state
of the N&" ion: Q=—-0.204 035)ea3, a,=1.3028(13h3, ar=—0.026(5R3. The contributions of mag-
netic interactions to the Rydberg fine structure lead to a determination of theoNs g value,g;=1.35421).
All of these core parameters provide challenging tests of atomic structure calculations. The measurements also
set a limit on the possible contributions to the fine structure due to a predicted geometric phase effect that is
about an order of magnitude smaller than expected.

PACS numbd(s): 32.30.Bv, 31.10.Dk, 32.10.Fn

All atoms have many Rydberg states with high angular Precise laboratory spectroscopy of Rydberg states with
momentum(L=4), but there are very few laboratory studies L=4 has recently been achieved for the helium aféirand
which spectroscopically resolve such states. When data exifer the closely analogous Hnolecule[7], using fast beam
on such high- states, it is likely to result from high- microwave-optical techniques. The same experimental tech-
resolution infrared emission spectroscopy. An early studyliques can also be used to study other atomic systems with
based on such data was carried out by Chang in 1982, whgjable positive ions, and in this way provide laboratory data

analyzed the structure of some C, O, N, and Ne levels witd® complement the studies of natural highsources de-
L=3 and 4[1]. Interest in such high- states was further scribed above. In the study reported here, we have used these

dnethods to study the fine structure of higiRydberg states
of atomic neon. Neon was chosen because careful studies of
nits's L=3 and 4 states already exikt,8], a circumstance
hich should clarify the impact of the very highmeasure-

stimulated by the discovery of narrow infrared emission line
in the solar spectrurf2] arising from such level§3]. More

recently, high-resolution infrared solar spectra obtained fro
the ATMOS experiment flown on the space shuttle ChallengerW

has provided more evidence for emission from such tigh- ments of thishstudy.h d for thi d b
Rydberg states of other atoms on the sun, including Fe, Si, Figure 1 shows the apparatus used for this study. A beam

Jur .
Al, and Mg. Theoretical studies of such levels have contin-Of NE™ ions of energy 25 KeV were obtained from a small

ued to be carried out by Chang and his collaborafds].  'O" squ_rce[9] and neutralized in a gas charge exchange cell
These studies have demonstrated that knowledge of a fefPntaining a few mTorr of airto obtain a fast neutral beam of
parameters characterizing the positive ion core of the Ryder.n' Neon atoms fo.rmed m=10 Rydberg levels were Se-
berg system, such as the quadrupole moment and dipole p Tctlvely dgtected. using a Doppler-tuned Claser at 4. In
larizabilities, can be used to predict the emission line posi '9- 1. Which excites them to the=27 level, from which
tions. Unfortunately, these properties cannot yet be

. .. . . CO,Las Deflecti
calculated with the precision necessary to predict the high- witi ] Magnetic  COpLaser |
spectra for arbitrary atoms. It is possible, to some extent, to Mognet Deflection Shield (‘Defecgn Channeitron
extract these properties as parameters from analysis of labo- ,Q ﬁg { 51“ |:——— 7:,,,
ratory spectra, but thé =3 and 4 levels, for which such %‘[JM Chu{ge@ ® 5 @® fl ; .- Nearaday cup
laboratory spectra exist, still have small enougthat other Exchange RF ork Tonizer

Y p l].g Ton Source Cell Colllmator Spectroscopy Collimator

complications in the theory, such as residual core penetration

and higher-order polarizabilities, complicate this analysis. It s 1. schematic diagram of fast beam microwave-optical ap-
would be very desirable to have precise spectra available fQf; a5, The fast neon beam is formed by neutralizing a 25-KeV
even highel- states, where such complications are mini-Ne* peam in a charge-exchange cell. Residual ions are deflected
mized, which could be used to extract precise values of thgyt of the beam at 1. Selective detection of particmlarl0 neon

ion core properties. These could then be used both to facilirydberg levels is achieved using a Doppler-tuned, @Ber at 4 to
tate precise predictions of high-Rydberg spectra for the excite 10-27 transitions, after which=27 atoms are Stark ionized
same atom in other regions of the spectrum, and also tat 5, and the ion current collected in a channeltron. The similar laser
stimulate improvements ia priori atomic structure calcula- interaction region at 2 is used to insure a population difference for
tions of the ionic properties. the microwave transition, driven at 3.
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FIG. 2. Stark-ionization current observed as a function of the Doppler-tuned laser frequency, near the frequency of hydrogenic 10-27
transitions, 946.816 ciit. Individual peaks represent excitation of particular high=10 neon Rydberg levels, resolved in frequency as a
consequence of the=10 Rydberg fine structure. Many of the peaks can be identified by reference ne-th@ level structure, which is
plotted above the spectrum using the same energy scale. The solid vertical line corresponds to the hydrogenic 10-27 transition frequency, and
to the hydrogenic Rydberg binding energy in the level diagram. The fine-structure level labeldgg.gre an abbreviation of thel{)nLy
nomenclature discussed in the text. The four unidentified lines labéel@e not 10-27 transitions.

they are immediately Stark ionized. The resulting ion currenfFor example, the line at 947.04 chrepresents excitation of
is collected in a Channeltron electron multiplier. The LO the (3)10H-,, level to the(3)271,, level. In order to identify
laser is operated on one of its discretely tuneable lines, typithe optical lines, an initial estimate of time= 10 level struc-
cally P(18) at 945.980 cn', but as the angle of intersection ture was carried out with the effective potential model dis-
of this laser with the fast neon beam is varied, the apparerdussed below, using previous estimates of the core param-
laser frequency seen by the neon atoms is Doppler tunegkers,Q,«, andas.
smoothly through the interval representing tie 10 neon The experimental spectrum of Fig. 2 shows only Rydberg
fine-structure energies. When the Stark-ionized current ifevels bound to théP,, state of Né&, and not to the higher-
plotted as a function of the Doppler-tuned laser frequency, @nergy?P,,, state. This is in contrast to observations of simi-
well-resolved optical spectrum is obtained, as illustrated inar lines in atomic carbofil1], where both types of lines are
Fig. 2. Each peak in this spectrui@xcept for the four peaks clearly observed. A plausible explanation of their absence in
marked X" [10]) represents the excitation of a particular neon is autoionization of the=27 level. Sincen=27 Ryd-
n=10 fine-structure level tm=27. The qualitative pattern berg levels bound to thE,,, core state of neon, whose ex-
of the spectrum can be understood by noting that, neglectingitation energy is 780.424) cm * [12], are unstable against
the (smal) fine structure of then=27 levels, the optical autoionization, they may, and apparently do, decay before
spectrum is a direct map of the positions of theselO neon  reaching the Stark ionizing field. The transit time between
Rydberg Ievels, with more tlghtly bouni= 10 occurring at laser and ionizer is approximate|y O,LfS
higher excitation energies. This is emphasized in Fig. 2 by Transitions between particular pairs of=10 Rydberg
including a level diagram of these= 10 highL neon levels, |evels were studied with much higher resolution using micro-
drawn with the same energy scale. These levels are charagmave spectroscopy. The method is the same as that used in
terized by the total angular momentum of the ion c@l@,  previous studies of helium and,H6,7]. For example, to
the Rydberg electron state,L), and by the value of study the 181,10l 5, transition, the laser at 4 in Fig. 1
was tuned to excite and detect theHL@,, state, using the
well-resolved line at approximately 946.7 cfn If a micro-
wave transition between the HQ,,, and 10,5, states is in-
duced in the region at 3 in Fig. 1, this will generally result in
(JonLg. a change in the population of the H9,,, state, and conse-
quently a change in the Stark ionization current. Since the
Most of the well-resolved lines in the optical spectrum areonly transitions which will have this effect are those involv-
implicitly identified by the correspondence with the level ing the 1,4, state, identifying a microwave transition is
diagram and the selection rules].=0 and AL=AK=1. relatively simple, and follows from the identifications of the

K=J.+L,

and we denote them by
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TABLE |. Transitions are between two=10 levels identified in column 2 by the values lofand K.
Column 3 gives the fitted “spinless” transition frequency, and the geometric average of parallel and antipar-
allel rf propagation directions. Columns 4, 5, and 6 show standard deviation uncertainties from the fit
statistics, unresolved magnetic fine structure, and stray electric fields, respectively, with the quadrature sum

of these in column 7. All values are in MHz.

Transition v Av(fit) Av(MFS) Av(E) A(tot)

(1) Hi1o 113 1342.144 0.041 0.068 0.010 0.080
2 | 137 Kisp 800.524 0.022 0.046 0.000 0.051
3 Kisz L7/ 494.036 0.018 0.032 0.040 0.054
(4) Hool 1172 210.705 0.024 0.039 1.130 1.131
(5) I 117 K1z 290.113 0.016 0.031 0.220 0.223
(6) Kis7L 15/ 236.680 0.020 0.024 0.010 0.033
7 Hizr 15 1890.884 0.028 0.114 0.010 0.118
(8) | 157 K72 926.351 0.018 0.069 0.010 0.072
9 K177 L 19/ 511.594 0.011 0.045 0.070 0.084
(10 l g K11/ 1429.088 0.013 0.024 0.000 0.027
(12) KiyzLiam 764.916 0.016 0.019 0.040 0.047
12 I 137 K132 1446.936 0.029 0.074 0.070 0.106
(13 KigrL1sp 883.085 0.036 0.051 0.060 0.087
(14 Horlor 5123.579 0.075 0.065 0.890 0.896
(15) 110Ky 3481.761 0.063 0.049 0.240 0.253
(16) 15/ Kigp 4131.356 0.038 0.120 0.070 0.145
Hi1/2

lg/2

FIG. 3. Level diagram showing the 15=10
Rydberg levels of neon, whose relative positions
are determined by the 16 microwave interval
measurements reported here. The numbered tran-
sitions refer to Table I, in the text.
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] 1 I 1 1 are mostly magnetic, and are discussed in detail below. Since

204 i they are weak, their contribution to the energy can be written
2 q5- N as
£ -
3 AEg{L,K,J)=a(L,K)K-S (1)
% 10 i | spi
= and consequently the center of gravity of the levels with the
c 5= - . . . .
1= two possible values od is unchanged by the spin interac-
m M H H “ H ”
0 * tions. We refer to this center of gravity as the “spinless
r T T I I level position, and aim at extracting the intervals separating
1447 1448 1449 1450 1451 these spinless positions from fitting the microwave resonance
v(MHz) data.

These fits were carried out using calculated values of the
~ FIG. 4. Microwave resonance signal forl1§z 10K 15, transi-  constantsa(L,K) to predict the position of each of the two
tions in neon, measured with microwaves propagating parallel tooed transitions relative to the spinless interval. Since the
the fast neon beam. The resonance is a composite of two partialypicrowave transitions were saturated, it was more difficult to
resolved spin components, whose relative positions and strengthisq jict the relative strength of these two transitions. For sim-
are represented by the vertical bars, as obtained from the calculati icity, we assumed that the signal heights were proportional
described in the text. The smooth curve is a fit, from which the ' " . -
spinless transition frequency is determined. to _the s_tatlsncal ngght of the lowé¢-level of th_e_ transition.

With this assumption and the calculated positions, even the
unresolved composite lines could be fit to extract the spinless
interval. As a check on this procedure, the four transitions

the 1H 10,5, interval is approximately 0.045 cr, or with the best resolution of the spin structure, 7, 8, 12, and 16,
1350 Mﬂlzz- bu%slszince the linewidth of the microwave reso-Were also fit with an alternative method in which both the

nances is much smaller than this, some searching is requirdg@tive heights of and the splitting between the two spin

to locate the resonance. The microwave resonances can f&MPonents was allowed to vary in the fit. From a study of

observed using only the single laser at 4 in Fig. 1, but inthe results of these fits, which are tabulated in the Appendix,

most cases the signal size could be increased by exaggeratit as concluded that the line splittings agreed to within a

optical lines in Fig. 2. Locating the transition can be more
difficult. For example, from Fig. 2, it could be estimated that

the natural population difference between the two levels of " ﬁerce”:dWIth C§|C¥(I)atlggi/, lf)ut thﬁt the relagVe S!gnall
the microwave transition with an initial laser interaction at 2 "€!9hts could vary by 10-20 % from the assumed statistica

in Fig. 1. This laser would be Doppler tuned to excite toValues. At least part of this height variation appeared to be
n=27 the less populated of the two levels, thus increasinggue to drift in the signal size during the period of the fre-

the population difference between the=10 levels and the uency scar{about 30 mip. We estimated that such drifts

size of the microwave-induced population change. This is thé;OUId cause an error in the spinless ir!terval of abo_u"t 5% of
the component splitting, and have assigned an additional er-

same technigue used in previous studies of heli@in Six- tor thi q h i th q
teen different microwave transitions were studied this way/OF [0 account for this and any other errors in the procedure

and are listed in Table I. The transitions are numbered foP! €Xtracting the spinless interval from the unresolved spec-

each referencgll]. Figure 3 shows the=10 Rydberg fine . d for both directi
structure for 5L <8, and illustrates the 16 transitions stud- _ Microwave resonances were measured for both directions

ied. Two types of microwave interaction regions were usedf microwave propagation, and the fitted spinless intervals
for these studies, both of which are described fully in Ref.V€'® combined in a geometric mean to_estimate the fre-
[7]. Transitions with frequencies below 2 GHz were ob-duency interval for a stationary atom. These results are
served using a TEM transmission line, while for those withshown in column 3 of Table I, with the statistical error from
frequencies between 3.5 and 5 GHzGaband waveguide the fits shown in column 4. Column 5 shows the additional
region was used. In both cases, the direction of microwav&T0r ssigned due to the unresolved spin structure, as dis-

propagation was parallel to the atomic beam velocity, and:ussed abpve. Column 6 S.hOWS a final Source of experimen-
resonances were measured for both directions of microwag! Uncertainty, due to possible Stark shifts arising from stray

propagation to eliminate the effects of Doppler shifts. electric fields. Pr.evious microyvave.spectrog,copy in Rydperg
Figure 4 illustrates a typical microwave resonance signaIStateS of the helium atom, using similar microwave regions

transition 12 from Table |. The resonance linewidth is about{")"’“’e demonstrated that stray fields as large as 0.2 V/cm can

1.6 MHz for this TEM interaction region, as determined by P& Present within the interaction regiof]. Lacking any
the transit time through the regiofiThe waveguide region procedure for measuring these stray fields in this experiment,

; - : hoose to assign an additional uncertainty corresponding
gave a slightly larger linewidth of 2.5 MHzFor the reso- we C ) ; X
nance of Fig. 4, this gives a partial resolution of a finer level®© the Stark shift that such a field would produce. The final

of structure associated with the Rydberg electron’s spin. Thgolumn of Table | .ShOWS the quadrature sum of thg three
two levels with total angular momenta of sources of uncertainty for each_measured interval. Sm_ce no
one signal source of error dominates for most of the inter-
j:}zigR vals, we choose to treat these total errors as uncorrelated
random errors in the computations that follow.
differ in energy by a few MHz, and as a result there are two Figure 3 illustrates that the 16 measured fine-structure in-
allowed transitiongAJ= AK) which occur at slightly differ-  tervals directly determine the relative positions of the 15
ent frequencies. The interactions which cause this splittindgine-structure levels pictured there. Since the absolute ener-
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TABLE Il. Energies ofn=10 Rydberg states of neon. Column 2 gives the energy of the=140
fine-structure levels identified in column 1, as determined by addition of the measured fine structure intervals
of Table I, with the(arbitrary choice of the(3) 10K g, State’s energy as zero. Columns 3 and 4 give the
second-order energy and relativistic correction for each state, as discussed in the text. Column 5 is column 2
less the sum of columns 3 and 4.

State Eqps (MHZ) E2 (MHz) ER (MHz) E—E2—ERe
(3)10Hg, —145.5877) —9.1934) -18.71 —116.6984)
(3)10H 1), 2142.6710) ~15.4950) ~18.71 2176.8B1)
(3)10H 5, —6022.2419) ~15.9549) ~18.71 ~5987.5852)
()10, ~5267.1%35) 7.5023) ~13.81 ~5260.8442)
(3100 11/ —356.3(424) —3.029) ~13.81 —339.4726)
(3100 137 800.525) ~5.5216) -13.81 819.86L7)
(3100 151 —4131.3615) -4.9913) -13.81 —4112.5720)
(310K 11 —3838.0635) 3.9612) -10.22 —3831.8037)
(310K 13/ —646.4198) —-0.752) ~10.22 —635.448)

(310K 15/, 0 ~1.956) -10.22 12.17)

(310K 17 —3205.0116) ~1.71(5) ~10.22 —3193.0817)
(3)10L 13, —3073.1435) 2.177) —-7.47 —3067.8436)
(3)10L 45, —883.0998) 0.051) ~7.47 —875.6798)

(3)10L 47 —494.045) -0.592) ~7.47 —485.985)

(3)10L 19 —2693.4118) —0.652) —7.47 —2685.2918)

gies cannot be determined by measurements of intervals, we which r is the Rydberg electron’s radial coordinate, and
choose to define the zero of energy, for the purposes of thif, is its angular positionX 2 is a unit second-rank tensor in
report, to coincide with the position of thg)10K 5, level.  the space of the core; i.e., it is a second rank tensor with
With this choice, the energies of all 14 other levels picturedreduced matrix element equal to@?((,) is a second-rank

in Fig. 3 are determined by adding or subtracting the approspherical tensor in the Rydberg electron’s angular coordi-
priate interval measurements. In the two cases where redufateq13], and the symbol in the denominator is &g/mbol
dant measurements exisbtervals 13 and 14 a simple av- i which J.=2. The coefficients which occur in E¢3) are

erage was use_d to determine_ the_ best level energies. T'ﬂﬁ'operties of the NE core.Q is the core quadrupole mo-
resulting energies of the 15 high-fine-structure levels of ment. as is the core scalar dipole polarizabilit; is the

heon are shown in _cplumn 2 of T{:\ble . They.represe_nt %ore tensor dipole polarizabilityy is the parameter repre-
unique data set, defining the energies of four adjacenthlgh-Senting combined higher-order effec@, is the parameter

manifolds with unprecedented precision, and they eXpres’?’epresenting combined higher-order effects. These param-

the final experimental result of this study. AR ; ; _
: ) eters can, in principle, be calculated directly, but in practice
We expect that the fine structure of these higRydberg they are more precisely determined by comparison of Ryd-

levels will be described by an effective potential which rep- ' o .
. . berg fine structures to the predictions derived frofy;.
resents the Coulomb interactions between the Rydberg eleEquation(Z) is of the form of a perturbation expansion. with

tron and the ion core. A refent discussion of the Rydperqhe first term representing the zeroth-order Rydberg energy;
energy Iev_els O.f heon W|t|t1—3_ and 4 ha_s shown that this the second term the expectation valueMy; and the last
approach is quite successful in accounting for the observeérm the second-order perturbation dua/g, which we call

energies(8]. For the higher values ot studied here, it E2. This last term is of minor importance to the structure of
should be even more successful, because of the smaller Sige. hight. Rydberg levels studied here, so one way to esti-

and more rapid convergence of the terms of the eﬂectlv%ate the parameters listed above would be to first assume
potential. Thus we expect the nonrelativistic energy of thethat E2=0, and then fit the observed fine structure to deter-

high+. Rydberg levels to be given by mine the parameter values. Subsequently, the fitted param-
eter values could be used to calcul&& which could be

o o o (6P| Vgl w?,)lz subtracted from the observed structure and the remainder fit
E=EP+(yf|Verl y1) + 2 TR0 (2)  to obtain an improved estimate of the core parameters. Be-
r roo cause the effects o2 are small, this procedure quickly

leads to self-consistent choices of the parameters. The
where second-order terms correspond to energy shifts due to mixing
with other Rydberg states, both in the discrete and continu-
2 2 2 2 ous spectra. They are calculated here using the numerical

Ver= — e—cis+ 176 - e—(32+ e—a4T+ Eg} M procedures described elsewhgiel]. Briefly, the contribu-

2t r r 2t r ( Je 2 JC) tions to E2 from bound Rydberg levels with<40 were

-J. 0 J; tabulated explicitly, and the remainder of the discrete contri-

(€)) bution was estimated by extrapolation. The continuum con-
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TABLE lll. Fitted neon structure factors.

State Ay (MHz) A; (MHz) A, (MHz) ,?0.2045-
=' -

10H —2841.1166) ~1.2611) 8156.31.1) £0.2044
101 —2134.7212) —0.81619 4926.2224) w 0.2043 1
10K —1869.378) —0.55711) 3200.4715) J0.2042
10L —1756.1%9 —0.3868 2195.5516 <

%9) 68) $16) 0.2041 4
Interval AAg (MHz) L

0 10 20 30 40x10

10I-10H: 706.3967) <« *s/<r’s (auw)
10K-10I: 265.3514)
10L-10K 113.2212) FIG. 6. Tensor fine-structure factors ford0l0, 10K, and 1@

states of neon, divided by the expectation values of for those
levels. Thex axis shows(r ~4)/(r ~3) for the same levels. Thg

intercept of this plot gives the quadrupole moment of*Néhe
tributions were estimated by calculating a few specific con- slope determines the tensor dipole polarizability, and @hery

quum energies in the range 0-0.5 a.u., and.estlmatlng th ight) curvature indicates the value of the coeffici€y.
integral over all energies. All these caIcuIauons assume

purely hydrogenic radial wave functions. Table Il shows the

total second-order energy shift calculated for each of the 15

states under study. The error bars shown for these calcula- 2 T2 (—1)% +K[K L JC]
tions are due partly to the finite number of terms included in ¢ 2 Jo L J. 2 J

the polarization potential, and the resulting finite degree of -J. 0 J;
convergence of the sufii4], partly due to uncertainty in the

coefficients inVy4, and partly due to the estimated compu- We refer to the coefficientd,, A;, andA, as scalar, vector,
tational errors. In most cases, the computational error, whicnd tensor structure factors. Actually, according to the form
we estimate at 3%, dominatés5]. Also shown in Table Il of V¢4 defined in Eq.(3), A; is expected to be zero, but it
are the small relativistic corrections associated with pie was impossible to fit the experimental data satisfactorily
term in the Rydberg electron’s kinetic enerff§]. Both the  Without a term of this form, and in retrospect its presence is
second-order energies and the relativistic corrections are subhderstood to be due mostly to magnetic interactions ne-
tracted from the experimentally determined fine-structure englected in deriving Eq(3). For the 10, 10K, and 1Q states,
ergies, in order to form a level structure which could bethere are four levels and three parameters, and satisfactory
considered to be simply the expectation valueVgj; i.e., fits are found. The 18 fits are based only on the three mea-

the first term in Eq.(2). For these corrected energies, we sured level positions, and so fit identically. The structure fac-
expect tors found from the fits are shown in Table III.

According to the effective potential model, the scalar
structure factor is expected to be given by

2 L
(2L+1)(0 5 o)

Ecorl LK) =Eqps— E2—E™'=Ag+ A {Jo- L} +Ay{T3 - T2},

4 ea
@ Ao(nL)= > > F = 70 St )
with
where
- - [K(K+1)=J.(J;+1)—L(L+1)]
Jor L= 2 ’ n=aq— 684 ©6)
is a parameter combining the effects of adiabatic quadrupole
0.653 4+ 1 . 1 1 n polarizability (ag) and nonadiabatic dipole polarizability
(B,) [8]. As a test for possible higher-order contributions,
. 0.652 4 = Fig. 5 plots
N
<0.651 | AA, A(r=9)
< Adr=% vs Adr =%y )
< 0.650 -
where, in this expressiom\ stands for the difference be-
0.649 -, . . | | + tween adjacenit values. The three measured points fall on a
0 1 2 3 4 5x107 good straight line, indicating that higher-order terms do not
A<r®s A<rts contribute significantly. Fitting to a straight line yields esti-

mates of the parameters contributingAg:
FIG. 5. Ratio of scalar fine-structure intervals to differences in
the expectation values af *, plotted vs the ratio ofr ~°)/(r ~%) as=1.302813)a3, 7=—0.2924)€e%a;.
for the 1H-1, 10-K, and 1&-L intervals in neon. Thg intercept
determines the scalar dipole polarizability of Ne The tensor structure factor is expected to be given by
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e2a 1 L 1 2 1 2 1
Ao=—eQr)— (") -Cs(r %).  (® 28
3 -30 4
Q is the quadrupole moment, anrg the tensor component 8 -32 4
of the dipole polarizability{16]. The constanCg represents A 34
the net effect of tensor contributions from quadrupole- 'y
. . . k . N -36 -
quadrupole and dipole-octupole adiabatic polarizability and
nonadiabatic dipole-dipole polarizability, none of which have -38 4 B
been calculated for this core ion. To the extent that the con- -40x10°® 1, . Y . . . : —
tributions from Cg4 are negligible, the ratio oA, to (r 3) 0 40 80  120x10°
should fit a straight line when plotted versis #)/(r—3). %5/ (aw)

Such a plot, shown in Fig. 6, does indeed indicate that the
contributions ofCg are very small. A fit of the measured ~ FIG. 7. Vector structure factors for the H0 10/, 10K, and
values ofA, for the H, |, K, andL states determines the 10L states of neon, divided by the expectation value of for each

following values of the tensor core parameters: level, and plotted v$r*6>/<r*3>. They intercept gives thg value
of the Ne" ground state, to the extent that the simplified model of
Q=-0.204035)ea, ar=-0.0265)a), Rydberg magnetic structure is valid. Any contribution of the form

predicted to result from geometric phase effects would be reflected

C6=0.5(5)e2a8. in the slope of the plotted points.

The existence of significant vector structui,) is not ~ The combined effects dfiy,gs andHy, both treated as small
predicted by the effective potential model, but is neverthelesgerturbations, are
clearly present, as shown by the fittéd’s in Table IlI.
Since, however, the fitted vector coefficients are much > -
smaller than the scalar or tensor structure factors, we are led - _ 9D 2Je L_ﬂ

: . (HurstHyx) a’—3 +[aves(L,K)

to reexamine magnetic effects, neglected up to now. The 2 r 2
careful study of magnetic interactions in highstates of - =
helium [17] provides an instructive analogy. In that case, it +ax(L,K)JK- Sr. (12
was found to be a good approximation to ignore the details

of the core wave function and to represent the magnetic efrie |ast term in this expression gives rise to the spin split-

fects of the core by a point magnetic dipole with magnitudeiings in the microwave spectra. By the comparison with the
. - measured splittings discussed in the Appendix, it can be de-
M= poFadc- 9 termined that an adequate account of the experimental obser-

S . . vations is obtained by settingy (and therefore als@y)
If the same approximation is valid for neon h|g_hRydberg equal to zero, i.e., by completely neglecting exchange ef-
levels, we expect that an adequate representation of magnetic

interactions should be

TABLE IV. Ne* core parameters from experiment and theory.

1 EéR 9, ch Column 2 sh(_)ws the _results of this study. Column 3 shows the
Hyrs= a? — = — values found in a previous study of Rydbd¥gand G states. Col-
2 2 umn 4 shows theoretical values, when they exXistepresents val-
9 jc' (1-37F)- »R uesassumedn the analysis of Ref.8].
+ -+ —F—| au. (10 -
2 r Property Present work Previous expt. theory
The terms involvingSg, the Rydberg spin, will contribute to  Q(ea) —0.204 035) —0.2030 —0.1964
the small splitting between the two states of comnhoand —0.20325)°
K, such as —0.2117
ag(ad) 1.302813) 1.310 1.2¢
(2)10H,3/J=6,7) where J=K+ Sx. ar(ad) —0.0265) —0.035 —0.035
g3 1.35421)
There is some experimental evidence of splittings of thisye?ad) —0.2924) —1.44 —1.44
type in the partially resolved spin components displayed incq(e?a3 0.5(5) o*
several of the microwave transition spectra, such as that ile ,(e?ag) 0.03119) 1 au.(??

lustrated in Fig. 4. It is also expected, however, that these
spin splittings will reflect any exchange energies due to theHartree-Fock, cited in Ref19].

required antisymmetrization of the total electronic wave Multiconfiguration Hartree-Fock19].
function. With only one unpaired core spin, the exchangeRelativistic many-body perturbation theofg1].

energies can be parameterized just as in the helium atonhibbert[22].
[17]: *Hibbert[23].
fCited in Ref.[8].

Hy=—Vy[2(Sg- S+ 3)]=FVy(S;=1,0). (11) °Order-of-magnitude estimafas].
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fects. Even for the lowedt state studied, the 0 state, this TABLE V. Values of the spin structure coefficierdggrs anday
comparison rules out values &%, as large as 0.1 MHz for for the levels involved in the four transitions with the best-resolved
any of the levels studied. spin structure. For each transition, the first listed level has the

The first term in Eq.(12) represents a predicted vector higher energy.
contribution to the high- fine structure, arising from the

interaction between the core magnetic moment and the mag~ansition Level  aurs (MH2) ax

netic field created at the core by the motion of the Rydberg 15/ 0.650 —0.133/4(101)
electron. For theéPg, core state, in puréS coupling, we 7 Hiap 1.068 —0.154/(10H)
expectg;= 3. This predicts vector structure quite compa- 8 K172 0.424 —0.118/4(10K)
rable to the observations summarized in Table Ill. A vector8 152 0.650 —0.133/4(101)
structure of a rather different type was recently predicted td.2 I 13/ 0.567 —0.072/(101)
arise from consideration of “geometric phase” effects on thel2 Kiap 0.356 0.02%(10K)
motion of a nonpenetrating Rydberg electron moving in thel6 Kisr2 0.382 —0.060/(10K)
field of a core with nonzero angular moment(i&8]. This 16 1572 0.650 —0.133/x(101)

effect, which has never been observed experimentally, was
predicted to give a vector structure proportional to the in-
verse sixth power of the Rydberg radial coordinate and withported in Ref.[8] from study of F and G states of neon.
a coefficient which is on the order of an atomic polarizabil-However, this relatively small difference again appears in
ity. To allow for the possibility that the measured vector part to be fortuitous since in the analysis of RES] the
structure factors contain contributions of both types, we takgarameterw; was assumed to be equal to its calculated value
g9 —0.035, an assumption which significantly affects the fitted
Eaz(r‘3>+c¢<r‘6> (13)  value of Q. Again, in this study we avoid any reliance on
calculated values by fitting the pattern of data in a rande of
states, and simultaneously extra® «;, and even the
Ie'nigher—order coefficienCg. Thus the present study should
give a much more reliable result. Theoretical calculations of
Q are within 4% of the measured value, with the most accu-
_ _ rate calculation to date being the multiconfiguration Hartree-
9,=1.35421), C,=0.03119) au. Fock calculation of Sundholm and Olsgto].

The fitted value ofy is consistent with the pureS coupling | The predictive power of the effective potential model is
value of 3. The fitted value ofC, is less than two standard illustrated by the fact that, now that the four parame®rs
deviations from zero, and considerably smaller than might
have been expected based on the published estimat@(;,hat TABLE VI. Results of the alternate fits of the four transitions
should be “on the order of an atomic polarizabilityZ8]. To with the best-resolved spin structure. The paraméiemeasures
our knowledge, this is the first measurement of an effect ofhe splitting between the two spin components, and the parameter
this type, and no more detailed theoretical calculations aré the relative strength of the component with less statistical weight.
yet available. When such calculations are done, it will peln the constrained fits, such as carried out for all the transitions,
interesting to see whether Kds a special case where this these were fixed at the values marked witlin the table. In the
effect is unusually small. Experimental studies which explor@ltemate fits, these parameters were both free to vary, and resulted
this effect in other high- Rydberg systems should also be in the fitted values shown. The two fits for each transition are from
data with microwave propagation direction parallp) (or antipar-

possible using the techniques of the present measurement.a”el (a) to the beam velocity. The average values of the fitted

Table IV compares the values of the leading core param- : .
. arameters for these two fits are also shown for each transition.
etersQ, ag, anday obtained from the present measurements’

A(L)=—-

and fit the observed vector structure factors to determin
bothg; andC,. The results of this fit, illustrated in Fig. 7,
are

with those reported previously based on the study-ef3  151sition v (MHz) r
and 4 Rydberg levels of nedB], and with theoretical values.
The value ofag found here is about 0.5% smaller than the 7 2.273 0.867
value found in the study of neoh and g levels[8]. The 7P 2.20774) 0.63367)
higher value found there is partially due to the assumption of 2.18894) 0.958120
a calculated value of the parameteris that analysis;= v 2.19860) 0.79560)
—1.44, which is considerably larger than the value indicated® 1.383 0.882
by the present measurements. Since the present analy 1.50024) 1.07346)
avoids reliance on any calculated values, and instead extrac Y 133%{?% 1'?2223
ag and » simultaneously from the pattern of highdata, it 1‘ 477 0'867
should be much more reliable. The fitted valuestoind ¢ o ' '
. . LS. o] 1.53344) 0.691(56)

are both consistent with calculated values to within about 29 1.45358) 0.73778)
of ag. This probably indicates the level of accuracy of the 55y, 1.49336) 0.71496)
existing calculations. Note_: that the present measurements ajg 2 149 0.88%
at least an order of magnitude more precise so they could bgs, 2.14069) 0.66264)
used to test improved calculations. 16a 2.10066) 0.64154)

The value of the Né quadrupole momer® found from 1AV 2.12048) 0.65242)

the present measurements is 0.5% larger than the value re
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ag, ag, andg; are known, and the size of higher-order the four resonances with the best resolution of the spin com-
contributions is limited by the estimates of the parametgrs ponents were also fit with an alternative method. Table V
Ce, and C,, other hight Rydberg level structures in the lists the four transitions so studied, and tabulates the values
neon atom can also be predicted using the same core paragf the spin structure coefficientay,rs anday discussed in
eters. This can lead to reliable predictions of emission speahe text. The spin component splittings, neglecting exchange,
tral lines in many different regions of the spectrum. At themay be calculated fromayes. Table VI shows the results of
same time, the core parameters themselves represent valye ajternative fits of these resonance line shapes. In the nor-
able information which can be used to test improving atomigy,g) fits, the values of the two parameteis andr which
structure calculations. Even _these four parameters represery];@present, respectively, the spin component splitting and the
far larger and far more precise data set than is usually avaifg|aiive strength of the lower statistical weight line, were
Z\t/):’;\eila]:glreﬂi]ri‘ogr:r?;t?gns;tsatjesfaf\lInetl;}tral;'aéqms’ where the Onl¥ixed at the values marked Byin Table VI. In the alternative

y the binding energy some fits, both these parameters were allowed to vary freely. Table

geg(reerﬁngfcgLecl;ﬁldgoigt;r?gorfhgngn%ier:haeprferoneisoirn;veyr?si\-/l shows the fitted values of these two parameters from fits
1ypertine piing T g energy of each transition for both directions of microwave propaga-
tive, in first order, to configuration-interaction effects, and

i L tion. Also tabulated are the average values from the two di-
the hyperfine constants measure only certain limited Chara(f’ections of propagation for each line

Ererzgtl%Sagiuthﬁévﬁ:/grrigﬂft;% ;u ((:)rlleasélt;rivzaa:gi‘leit%sﬂ:g (:zglenrit The fitted splittings are in agreement to within a few per-
i ni?icant apdditional informatioﬁ Thpe uadrupole m?)mentcent with the calculated values. From this we conclude that
Sig ) " ' q pole. .~ ‘magnetic interactions alone account for the differences in
is especially sensitive to long-range and configuration

) ; . . ‘energy between the nearly degenerdteK =3 levels. The
mtgractlon effects{20], b'ut is a property which has been agreement limits the possible size of the exchange energy
difficult to measure precisely for neutral atoms.

parameters/y to be less than 0.1 MHz for 0 10, and
10K levels, making the exchange energies completely negli-
gible for this experiment.

This work was supported by the National Science Foun- The fitted relative strengths are in much poorer agreement

. with the assumed statistical weights, sometimes differing by
dation under Grant Nos. PHY90-19064 and PHY93-96235. 55 much as 20%. Additional fits were carried out to assess

the impact of such an error on the fitted spinless interval for
transitions where the spin components were unresolved. It

As a check on the procedure used to extract the spinlessas concluded that an additional error of 5% of the compo-
fine-structure intervals from fits of the partially resolved nent splitting would account for the uncertainty in relative
composite line shapes consisting of two spin components;omponent strengths.
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